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Abstract
Northern peatlands hold large amounts of organic carbon (C) in their soils and are as such important
in a climate change context. Blanket bogs, i.e. nutrient-poor peatlands restricted tomaritime climates,
may be extra vulnerable to global warming since they require a positive water balance to sustain their
moss dominated vegetation andC sink functioning. This study presents a 4.5 year record of land–
atmosphere carbon dioxide (CO2) exchange from theAndøya blanket bog in northernNorway. Com-
paredwith other peatlands, theAndøya peatland exhibited lowﬂux rates, related to the lowproductiv-
ity of the dominatingmoss and lichen communities and themaritime settings that attenuated seasonal
temperature variations. It was observed that under periods of high vapour pressure deﬁcit, net ecosys-
tem exchangewas reduced, whichwasmainly caused by a decrease in gross primary production.How-
ever, no persistent effects of dry conditions on theCO2 exchange dynamics were observed, indicating
that under present conditions andwithin the range of observedmeteorological conditions the Andøya
blanket bog retained its C uptake function. Continuedmonitoring of these ecosystem types is essential
in order to detect possible effects of a changing climate.
1. Introduction
Northern peatlands are important ecosystem types in a
climate change context, as they hold large amounts of
organic carbon (C) in their soils, amounting to about half
of the current atmospheric C pool (Gorham 1991). Peat-
lands are wetlands that during the last millennia have
converted atmospheric carbon dioxide (CO2) into soil
organicmaterial, i.e. peat, because of reduced decomposi-
tion rates due to anoxic soil conditions. Changes in
temperature and soil wetness can modify the C sink
functioning of peatlands, with potential feedback effects
on the climate system(Ise et al2008,Dorrepaal et al2009).
For peatlands as well as for most other ecosystem
types, net ecosystem exchange (NEE) of CO2 is the
main component of the C budget. However, due to
prevalent wet conditions, CH4 emissions and C loss
through runoff can also be of importance for the peat-
land C budget (Roulet et al 2007, Nilsson et al 2008,
Koehler et al 2011). Hydrological conditions exert a
strong control on peatland NEE (Limpens et al 2008,
Laﬂeur 2009, Lund et al 2012). Drier soils can lead to
increased soil respiration as well as decreased plant
photosynthesis (Laﬂeur 2009). Dependent on timing,
severity and duration of a drought, the effects on NEE,
gross primary production (GPP) and ecosystem
respiration (Reco) may differ (Laﬂeur 2009, Lund
et al 2012). In addition, hydrological settings, pri-
marily whether the peatland is connected to the
groundwater system (fen) or not (bog), as well as
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vegetation composition, regulate peatland response to
drought periods (Sulman et al 2010, Lund et al 2012).
Blanket bog is a distinctive peatland type restricted
to maritime climates, where a positive water balance
allows ombrotrophic vegetation to develop over
extensive areas (Charman 2002). Palaeoecological
records indicate that climatic variability, affecting soil
wetness, has regulated the development of blanket
bogs (Ellis and Tallis 2000). A recent modelling study
showed that blanket bogs are endangered by climate
change, because of marked shrinkage of their present
bioclimatic space as a consequence of global warming,
which may lead to peat erosion and vegetation change
(Gallego-Sala andPrentice 2012).
Few studies exist on the contemporary C exchange
in unmanaged blanket bogs, with the exception of a
temperate Atlantic blanket bog in Ireland (Glencar)
fromwhich a host of work has been published on CO2
ﬂuxes (e.g. Sottocornola and Kiely 2005, Sottocornola
and Kiely 2010, McVeigh et al 2014) as well as the
exchange of CH4 and DOC (Koehler et al 2011). In
addition, Beverland et al (1996) studied the exchange
of CO2 and CH4 in a blanket bog area in Scotland. To
our knowledge, there has been no extensive study on
land-atmosphere C exchange from more northerly
situated blanket bogs.
In this study, we present 4.5 years of eddy covar-
iance (EC) measurements of the land–atmosphere
exchange of CO2 in the Saura blanket bog area on the
island of Andøya in northern Norway. The purpose of
the study was to describe themulti-year CO2 exchange
in the bog, and to investigate impacts of dry conditions
(i.e. low soil water content (SWC) and high vapour
pressure deﬁcit (VPD)) onNEE,GPP andReco.
2.Methods andmaterials
2.1. Site description
The site is located in themiddle boreal vegetation zone
(Moen 1999) at the Saura peatlands on the island of
Andøya, Nordland County, northern Norway (69°08’
N, 16°01’ E, 17 m.a.s.l.; ﬁgure 1). Despite the high
latitude, the site does not have permafrost due to the
maritime inﬂuence of the nearby Atlantic Ocean.
Long-term (1961–1990) mean annual air temperature
is 3.6 °C, with February being the coldest month
(−2.2 °C) and July and August the warmest (both
11.0 °C). Long-term mean precipitation is 1060 mm
per year (data from station 87 110 operated by
Norwegian Meteorological Institute, located approxi-
mately 17 kmnorth of the Saura site).
The peatlands on northern Andøya are dominated
by ombrotrophic bogs and poor fens (Buys 1992). The
un-eroded concentric raised bogs of Andøya are the
most northern within Europe (Vorren et al 2007),
many assessed to be of national and international con-
servation value. Intermediate fens are scattered in
areas inﬂuenced by former sea shore shell deposits.
The Saura blanket bog is dominated by hummocks
with a relatively dry surface. Peat depth is expected to
be approximately 2–3 m, similar to the raised bog Sell-
evollmyra (Vorren et al 2007) located ca. 7 km south-
west of Saura, underlain by late glacial and Holocene
raised beaches. Hollows are present between the hum-
mocks. Vegetation andmicrotopography surrounding
the EC system was investigated in August 2009. Plots
(1 m2) were established in a cross centered close to the
EC system, and sites were selected at a distance of 50,
100 and 200 m from the centre. At each site two plots
were established, one at a hummock and one in a
Figure 1.Google Earth imagery (Image©2015DigitalGlobe) of the Saura peatlands, Andøya,Norway. Insetmap (©Kartverket)
shows the location of the islandAndøya in northernNorway.
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hollow. We recorded both the ﬁeld (vascular plants)
and bottom layer (mosses and lichens) at each plot.
2.2. Instrumentation
The EC system, consisting of a LI-7500 open-path gas
analyzer (Li-Cor, USA) and a CSAT3 3D sonic
anemometer (Campbell Sci., UK), was installed at a
height of 2 m during the summer of 2008. Data from
both sensors was collected at a frequency of 10 Hz on a
CR3000 data logger (Campbell Sci., UK). Supporting
half-hourly ancillary data includes air temperature
(Ta) and relative humidity (RH; HMP45C, Vaisala,
Finland), photosynthetic photon ﬂux density (PPFD;
LI-190, Li-Cor, USA), net radiation (Rn; Q*7, REBS,
USA), soil temperature (Ts; TCAV-L, Campbell Sci.,
UK) and SWC (CS616, Campbell Sci., UK). The SWC
probes were not calibrated to the local soil character-
istics, but were considered to provide a good measure
of relative differences.
2.3.Data processing
Raw data ﬁles were processed with the EdiRe software
package (Robert Clement, University of Edinburgh)
producing half-hourly ﬂuxes and averages. Fluxes
were calculated based on standard ﬂux community
methodology (see Aubinet et al 2000), including
despiking (Højstrup 1993), 2D coordinate rotation,
time lag removal by covariance optimization, block
averaging, frequency response correction using model
spectra and transfer functions (Moore 1986) andWPL
correction (Webb et al 1980). It has recently been
suggested that measurements using an open-path gas
analyzer need an additional term in the WPL correc-
tion, to account for the local heat ﬂux created by the
instrument itself during cold conditions (Burba
et al 2008). In this study, we have applied method 4 in
Burba et al (2008) to correct measurements obtained
during cold periods, here deﬁned as days with mean
Ta < 5 °C. Effects of the self-heating correction are
taken into account in the uncertainty assessment (see
below).
Data post processing in Matlab R2012a (The
Mathworks, USA) included quality control, storage
term calculation and gap-ﬁlling.When applicable for a
given test, the growing season was deﬁned as the
period from the ﬁrst three consecutive days with daily
mean Ta > 5 °C until the ﬁrst three consecutive days
with daily mean Ta < 5 °C. Half-hourly ﬂux values
were excluded when (a) wind components and scalar
concentrations were beyond preset ranges, (b) RH>
98%, (c) the difference between measured H2O con-
centration and modelled H2O concentration (based
on Ta and RH) deviated by more than 1 mmol mol
−1
from a two-week running median of the difference,
(d) growing season ﬂuxes of latent (LE) and sensible
heath (H) were more than 3 standard deviations (SD)
off from half-monthly quadratic ﬁts with Rn, (e) fric-
tion velocity u* < 0.1 m s
−1 and (f) daytime growing
season ﬂuxes of CO2 were more than 2 SD off from
half-monthly light response curve ﬁts (equation (1))
and nighttime and cold season ﬂuxes were more than
2 μmol m−2 s−1 off from a two-week running median
(table 1).
Gap-ﬁlling was performed using a look-up table
methodology based on Reichstein et al (2005) with
slightmodiﬁcations: amissing value was replaced with
the mean of at least four values obtained during simi-
lar meteorological conditions (PPFD
±20 μmol m−2 s−1, Ta ±2.5 °C, VPD ±0.5 kPa) within
periods of ±5 days or ±10 days. Long gaps (>7 days)
during non-growing season (15 December 2008–16
February 2009, 12 March–15 April 2010) were ﬁlled
with the median ﬂux of the week before and after the
gap. Long gaps during the growing season (4 June–2
July 2009, 26 June–3 July 2012) were ﬁlled with a light
response curve approach (Misterlich function (Falge
et al 2001)), parameterized on data one week before
and after the gapwith PPFD as independent variable:
= − + − +
α−
+( )F R RNEE 1 e , (1)d F R dcsat
(PPFD)
dcsat
⎛
⎝⎜
⎞
⎠⎟
where Fcsat is CO2 uptake rate at light saturation, Rd is
dark respiration, and α is the initial slope of the light
response curve. The light response curve
(equation (1)) was parameterized for daytime periods
using an eight day moving window (time step one
day). The parameterization was only considered
successful when based on more than 50 observations
(half-hours) and when all parameters (Fcsat, Rd, α)
were signiﬁcantly different from zero (p< 0.05).
Table 1.Annual CO2ﬂux data coverage (%) before and after post-processing steps. See descriptions in
section 2.3Data processing.
Year Raw data Out of range RH (H2O)mod QCLE u* < 0.1 QCCO2
2008a 44 38 36 30 29 24 23
2009 77 63 59 47 45 37 35
2010 85 69 63 53 51 43 40
2011 94 80 73 62 59 51 48
2012 88 74 73b 69b 66 54 50
a First day of available data 27 June 2008.
b Post-processing steps RH and (H2O)mod only possible until 23 July 2012 due to breakdown of Ta/RH
sensor.
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Growing season GPP was modelled by using
equation (1) and subtracting Rd (Lindroth et al 2007).
Daytime Reco was calculated as the difference between
gap-ﬁlled NEE and modelled GPP, while nighttime
Reco corresponded to gap-ﬁlledNEE.
The estimated uncertainty in annual NEE sums
was based on Elbers et al (2011). Random error (Erand)
and frequency response correction uncertainty (Efreq)
were assessed according to Aurela et al (2002) and u*
threshold selection uncertainty (Eustar) according to
Elbers et al (2011). Gap-ﬁlling uncertainty (Egap) was
assessed by varying the length of the period during
which similar meteorological conditions was sought
(3–6 days and 7–14 days). Egap was calculated from the
SD of the three NEE sums (gap-ﬁlling periods 3/6, 5/
10 and 7/14 days, respectively). In addition, we asses-
sed the self-heating correction (Burba et al 2008)
uncertainty by using a deviation of ±5 °C around the
default deﬁnition for cold periods (thus days with
mean Ta < 0, 5 and 10 °C, respectively), for which the
self-heating correction was applied. The uncertainty,
Eburba, was determined as the SD of the NEE sums in
these three periods.
The ﬂux footprint of the EC system was estimated
using the parameterization by Kljun et al (2004), to
assess whether other landscape elements surrounding
the peatland would have any inﬂuence on the mea-
sured ﬂux. The streamwise dimension of the footprint
xR, was calculated as
σ= −
⁎
−
x c d z
u
(2.4 ) (2)R m
w
0.8⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
where zm is measurement height (2 m), σw is the SD of
vertical wind speed and u* is friction velocity. Para-
meters c and d were calculated from equations (15)
and (16) in Kljun et al (2004), where roughness length
(z0) is used as parameter. Roughness length was
calculated as
= −z z d
U
u
exp (0.4 )
*
, (3)m h0 ⎛
⎝⎜
⎞
⎠⎟
where dh is displacement height (2/3 of the mean
height of obstacles, 0.1 m) and U is horizontal wind
speed.
3. Results
3.1. Environmental characteristics
Based on the inventory of vegetation and microtopo-
graphy performed in August 2009 at the Andøya
peatland, the ratio of hummock to hollows surround-
ing the EC system was estimated to be approximately
70:30, with an estimated mean height difference of
0.15 m. Hummocks were characterized by dwarf
shrubs (Empetrum nigrum, Vaccinium uliginosum,
Calluna vulgaris, Rubus chamaemorus) with a mean
height of less than 0.05 m, mosses (Dicranum scopar-
ium, Hylocomium splendens, Pleurozium schreberi,
Racomitrium lanugionsum, Sphagnum spp.) and
lichens (Cladonia spp.). In hollows, Sphagnummosses
(S. fuscum, S. warnstorﬁi, S. magellanicum, S. cuspida-
tum) and sedges (Carex rariﬂora) dominated. The
cover of cryptogams (lichens and bryophytes/mosses)
was almost twice as high as the cover of vascular plants
(76% versus 44%), where lichens covered on average
41%of the hummocks.
Mean annual Ta during the study period
(2008–2012) was above long-term average
(1961–1990: 3.6 °C) for all years except for 2010,
which had a mean annual Ta of 3.5 °C (ﬁgure 2(a)).
The extra warming during the study period was not
equally distributed throughout the year. The winter
months (December–February) were on average 2.2 °C
warmer compared with the long-term average
(−1.8 °C), while there was no signiﬁcant difference
Figure 2.Monthlymeans (2008–2012) and long-termmeans (1961–1990) of air temperature (a) and precipitation (b) from station
87 110 operated byNorwegianMeteorological Institute. This station is situated approximately 17 kmnorth of the Andøya EC site.
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(p> 0.05) for the summer months. Growing season
onset occurred on average (±1 SD) at DOY 129 ± 6
(table 2), whereas the growing season ended on aver-
age at DOY 286 ± 12. Precipitation sum was below
average (1060 mm) in all years, except for 2010
(1075 mm). The seasonal patterns in precipitation
during the study period did not show as pronounced
differences compared with long-termmean as was the
case for Ta. However, the spring period (March–May)
was on average wetter than the long-term mean,
whereas other seasons were generally drier
(ﬁgure 2(b)).
Daily values ofTs and SWC at the Andøya peatland
(ﬁgure 3) largely reﬂected meteorological data. The
top-soil (upper 5 cm) thawed the earliest in 2011
(mid-April) while in 2010, it thawed in early May. In
general, during spring and early summer, highest Ts
was recorded in 2011 and lowest in 2010. This pattern
was especially pronounced in June (DOY 152-181).
The soil was water saturated for most of the time in
2010 and 2012. In contrast, 2008 and 2009 were char-
acterized by a relatively steady decrease in SWCduring
the growing season with values stabilizing around
0.3 m3 m−3 during late summer. 2011 was more vari-
able in terms of soil moisture; with decreasing SWC
during early summer similar to 2008 and 2009 but
with rapid increases around 25 July and 27–30 August
due to heavy rainfall.
3.2. CO2ﬂuxes
The mean 90% footprint length during the entire
measurement period was 89.5 ± 12.1 m (ﬁgure 4).
Since the blanket bog extends >200 m in all directions
surrounding the EC system (ﬁgure 1), the whole data
set is considered reliable in terms of ﬂux footprint. It
should be noted that for the non-growing season
south-westerly winds dominate, while north-easterly
winds dominate during the growing season.
The temporal variation in the period 2008–2012 of
mean daily NEE, GPP and Reco at the Andøya peatland
is shown inﬁgure 5.Mean July dailyNEEmeans across
all years was −1.40 ± 0.19 μmol m−2 s−1, with highest
uptake in 2009 (−1.65 μmol m−2 s−1) and lowest in
2010 (−1.16 μmol m−2 s−1). Mean July GPP and Reco
were −2.55 and 1.17 μmol m−2 s−1, respectively. Mean
July ﬂuxes in the Andøya bog are compared with other
wetland sites in table 3. Average wintertime ﬂux
(December–February) during the whole study period
was 0.32 ± 0.10 μmol m−2 s−1.
Themixed peatland Stordalen in northern Sweden
(Christensen et al 2012) and the fen Kaamanen in
northern Finland (Aurela et al 2004) are situated at
similar latitudes as the Andøya peatland. These three
sites are located along a gradient ranging from mar-
itime (Andøya) towards more continental (Kaama-
nen) climates. Therefore, we have paid particular
attention to a comparison among these sites, as well as
the extensively studied temperate Atlantic blanket bog
Glencar (see McVeigh et al 2014) located in Ireland,
due to its presumed functional similarity to Andøya.
Parameters of the light response curve (equation (1))
derived from each site are shown in ﬁgure 6. In gen-
eral, all parameters are lower for the two blanket bogs,
except for the latter part of the season. Also, the
increase in early growing season and the decrease in
late growing season for Fcsat and Rd for both blanket
bogs occur at a lower rate compared with Stordalen
andKaamanen.
Themean annual CO2 budget of the Andøya blan-
ket bog across all complete measurement years
(2009–2012) amounted to −19.5 ± 18.3 g Cm−2
(table 4). However, these estimates should be inter-
preted with caution as the total uncertainty was esti-
mated to be on average 75.1 ± 4.9 g Cm−2. Of the
separate components in the uncertainty analysis, the
uncertainty relating to the choice of temperature
threshold for applying the self-heating correction
(Burba et al 2008) was overriding all other compo-
nents (table 4). For the period May–September, the
CO2 budget was −111.8 ± 10.3 g Cm
−2, with an asso-
ciated uncertainty of 51.9 ± 5.5 g Cm−2 (table 4).
Reduced SWC in the top-soil during summer-
time, as in 2008 and 2009 (ﬁgure 3), did not have an
apparent effect on NEE, GPP and Reco. Instead, the
wettest year, 2010, had the lowest summertime values
of net CO2 uptake (thus lowest NEE), GPP and Reco
(ﬁgure 5). This year was characterized by low Ts
(ﬁgure 3) and low PPFD during June–July (table 5),
which may have slowed down vegetation growth.
Light response curves based on data from July each
year indicate that 2008 and 2010 had the lowest CO2
uptake rates at PPFD> 1000 μmol m−2 s−1 (ﬁgure 7).
To further investigate the role of dry conditions,
measured July ﬂuxes of NEE at light saturation
(PPFD> 1000 μmol m−2 s−1) were arranged into VPD
bins (table 6). Signiﬁcant differences (p< 0.05) inNEE
across bins were observed in all years except for 2012.
In 2012, there were not enough observations in the
0.4–0.5 kPa VPD bin to calculate statistics, thus indi-
cating a less dry summer from a meteorological per-
spective. In general, the net CO2 uptake was lower (i.e.
less negative NEE) at high VPD than at low VPD. This
was especially true for 2009 and 2011; years that were
characterized by below average precipitation through
Table 2.Growing season periods start
(GSstart), ending (GSend) and length
(GSlength) 2008–2012. GSstart was deﬁned as
ﬁrst of three consecutive days with daily
averageTa > 5 °C;GSend was deﬁned asﬁrst
of three consecutive dayswith daily aver-
ageTa < 5 °C.
Year GSstart GSend GSlength
2008 — 302 —
2009 120 270 150
2010 131 283 152
2011 131 284 153
2012 135 290 155
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June and July and low SWC. Since GPP and, subse-
quently, Reco were modelled using an eight day
moving window (equation (1)), the instantaneous
effect of high VPD on those ﬂux components cannot
be assessed. Instead, we used a separate approach to
model Reco and GPP, hereafter denoted Reco,2
and GPP2: daily means of measured nighttime
(PPFD< 20 μmol m−2 s−1) NEE were plotted against
Ts, and an exponential model was ﬁtted to the data
(ﬁgure 8). The obtained model for each year was then
fed with the mean Ts from each VPD bin, providing
estimates of Reco,2 (GPP2 =NEE°−°Reco,2; table 6).
These estimates indicate that the difference in NEE
across VPD bins can primarily be explained by varia-
tions in GPP2, whereas variations inReco,2 have a lower
inﬂuence.
4.Discussion
The estimated annual CO2 budget 2009–2012 of the
Andøya blanket bog (−19.5 ± 18.3 g Cm−2) is higher
(i.e. weaker CO2 sink) than a 3-year mean from the
Stordalen subarctic mixed peatland
(−90.0 ± 5.6 g Cm−2; Christensen et al (2012)), a 12-
year mean from the Degerö boreal fen
(−58.0 ± 21.0 g Cm−2; Peichl et al (2014)) and a 9-year
mean from the Glencar Atlantic (i.e. maritime)
blanket bog (−55.7 ± 18.9 g Cm−2; McVeigh et al
(2014)); but similar to a 6-year mean from the
Kaamanen subarctic fen (−21.5 ± 19.8 g Cm−2; Aurela
et al (2004)). However, as noted previously, annual
budget estimates derived from ECmeasurements with
an open-path sensor should be interpreted with
Figure 3.Dailymeans of soil temperature at 5 cmdepth (a) and soil water content (b) 2008–2012 from theAndøya peatland.
Figure 4.Wind rose (a) and histogramof streamwise dimension of the 90% footprint (b) during growing season 2011 (12May–13
October).
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caution, due to uncertainties regarding the application
of the self-heating correction (Burba et al 2008). This
correction especially applies to measurements during
wintertime in cold areas, and, therefore, several
previous studies on northern peatlands using a similar
sensor have not applied the self-heating correction to
growing season data (see Kwon et al 2006, Laﬂeur and
Humphreys 2007, Humphreys and Laﬂeur 2011, Par-
mentier et al 2011, Christensen et al 2012, McVeigh
et al 2014). As such, our growing season ﬂuxes
are directly comparable with those studies. The
seasonal (May–September) CO2 sink at Andøya
(−111.8 ± 10.3 g Cm−2) was slightly stronger com-
pared with Glencar, where the corresponding budgets
varied from −75 to −100 g Cm−2 (McVeigh
et al 2014), likely due to higher mid-summer radiation
and higher plant cover.
In terms of mean ﬂuxes during July, the Andøya
blanket bog generally had low ﬂuxes of GPP and Reco
compared with other northern wetland ecosystems
(table 3). We attribute this to the low density of vas-
cular plants at Andøya and the relatively high cover of
mosses and lichens; these plant functional types are
less productive than vascular plants. However, ﬂux
magnitudes in Glencar are even lower, indicating a
lower productivity and respiration values in blanket
bogs compared with other peatland types, due to high
precipitation and thus high water table levels (Sotto-
cornola and Kiely 2010, McVeigh et al 2014). Annual
precipitation is high in Glencar (2467 mm; McVeigh
et al 2014) and Andøya (1060 mm), compared with
lower values in Kaamanen (470 mm;Aurela et al 2004)
and Stordalen (340 mm; Christensen et al 2012). Also,
the variation between years, i.e. the SD’s in table 3,
were low in Andøya and Glencar compared with other
sites, likely related to less inter-annual variation in
weather conditions in maritime sites. However, the
sum of the counter-acting components of GPP and
Reco, i.e. NEE, is in the middle of the range of NEE
values from other sites. Across all sites in table 3, there
is no relationship between ﬂuxes and latitude, nor is
there any apparent grouping of ﬂuxes between sites
with and without permafrost. Previous studies have
demonstrated that variables describing vegetation
density, such as NDVI and LAI, can signiﬁcantly
explain spatial variation in CO2 ﬂuxes across northern
peatland and tundra sites (Lund et al 2010, Mbufong
et al 2014).
Figure 5.Dailymeans ofmeasured and gap-ﬁlledNEE andmodelledGPP andReco 2008–2012.
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Table 3.Mean (±SD in case ofmore than one year of data) July ﬂuxes ofNEE,GPP andReco (μmol m
−2 s−1) in various northernwetland ecosystems.
Site Latitude Longitude Ecosystem type Permafrost Time period Gas analyzer Self-heating correction NEE GPP Reco Reference
Barrow 71°19′N 156°36′W Wet sedge tundra Yes 1998–2002 LI-7500 No −1.00 ± 0.47 −1.58 ± 0.82 0.57 ± 0.39 Kwon et al (2006)
Kytalyk 70°49′N 147°29′ E Polygonal tundra Yes 2003–2010 LI-7500 No −1.52 ± 0.27 −2.85 ± 0.37 1.34 ± 0.44 Parmentier et al (2011)
Andøya 69°09′N 16°01′E Blanket bog No 2008–2012 LI-7500 No −1.40 ± 0.20 −2.55 ± 0.27 1.17 ± 0.16 This study
Kaamanen 69°08′N 27°17′E Fen No 2000–2006 LI-6262 — −1.19 ± 0.59 −3.16 ± 0.74 1.97 ± 0.26 Aurela et al (2002)
Stordalen 68°20′N 19°03′E Mixed peatland Yes 2001–2008 LI-7500 No −1.95 ± 0.32 n/a n/a Christensen et al (2012)
Seida 67°03′N 62°56′E Mixed tundra Yes 2008 LI-7500 Yes −1.77 −5.14 3.38 Marushchak et al (2013)
Daring Lake 64°52′N 111°34′W Mixed tundra Yes 2004–2012 LI-7500 No −1.00 ± 0.19 −2.99 ± 0.49 2.00 ± 0.42 Laﬂeur andHumphreys (2007)
Degerö Stormyr 64°11′N 19°33′E Fen No 2001–2005 LI-6262 — −1.19 ± 0.17 −3.38 ± 0.68 2.20 ± 0.76 Sagerfors et al (2008)
Kobbefjord 64°07′N 51°21′W Fen No 2010 LI-7000 — −1.49 −4.01 2.53 Westergaard-Nielsen et al (2013)
Glencar 51°55′N 9°55′W Blanket bog No 2003–2012 LI-7500 No −0.71 ± 0.22 −1.68 ± 0.23 0.97 ± 0.06 McVeigh et al (2014)
Kinoje Lake 51°35′N 81°46′W Low shrub bog No 2011–2012 LI-7200 — −0.64 ± 0.03 −2.41 ± 0.04 1.76 ± 0.01 Humphreys et al (2014)
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The temporal evolution of the light response
curve (equation (1)) parameters (Fcsat, Rd, α) for the
peatlands Andøya, Stordalen, Kaamanen and Glencar
(ﬁgure 6), illustrates the inﬂuence of site speciﬁc set-
tings on the CO2 exchange dynamics. The generally
lower parameter values for Andøya can be attributed
to themore open and lessmesotrophic vegetation type
compared with Stordalen and Kaamanen. Also, the
slower start and ending of peak activity period, illu-
strated by the rate of change especially for Fcsat and Rd,
can be related to more maritime conditions on
Andøya attenuating seasonal temperature variations.
Despite being located in the temperate zone, the onset
of peak activity period does not occur earlier in Glen-
car, which may be explained by lower cryptogam
(lichen and bryophyte) cover in Glencar (25%; Sotto-
cornola et al 2009) compared with Andøya (76%).
Cryptogams may start photosynthesizing as soon as
there is sufﬁcient light and mild subfreezing tempera-
tures (Larsen et al 2007). Relatively high values of Fcsat
in the late season (DOY 240 an onwards) for Andøya
and Glencar can be attributed to on-going photo-
synthetic activity by evergreen shrubs, mosses and
lichens during non-freezing conditions.
Within most years we found that the rate of CO2
uptake decreased (i.e. NEE less negative) at high VPD
(table 6).Most of the decrease could be associated with
decreasing GPP. Dry near-surface conditions lead to
reduced enzymatic capacity and to stomatal closure in
vascular plants (van der Molen et al 2011), while
Figure 6.Comparison of light response curve parameters
(Fcsat (a),Rd (b), α (c)) betweenAndøya, Stordalen, Kaama-
nen andGlencar. Time series fromStordalen andKaamanen
are fromChristensen et al (2012), while time series from
Glencar are based on data fromMcVeigh et al (2014) that has
been processed in the sameway as for Andøya.
Table 4.Total and separate uncertainties for annual and seasonal (May–September) CO2 sums in g C m
−2 (percentage of annual sums
in parenthesis).
Annual year CO2−C Etotal Erand Efreq Eustar Egap Eburba
2009 −7.2 78.6 (1091) 0.42 (5.8) 0.31 (4.3) 4.92 (68.5) 0.20 (2.8) 78.4 (1091)
2010 −0.5 72.7 (14 550) 0.01 (2.2) 0.02 (4.0) 4.19 (816) 1.30 (253) 72.6 (14 135)
2011 −34.5 69.4 (201) 0.66 (1.9) 1.41 (4.1) 1.74 (5.0) 0.30 (0.9) 69.4 (201)
2012 −35.7 79.8 (223) 0.91 (2.6) 1.49 (4.2) 1.88 (5.3) 0.11 (0.3) 79.8 (224)
Seasonal year CO2−C Etotal Erand Efreq Eustar Egap Eburba
2009 −118.0 53.3 (45.2) 1.42 (1.2) 4.38 (3.7) 3.79 (3.2) 0.55 (0.5) 53.0 (44.9)
2010 −96.4 55.1 (57.2) 1.04 (1.1) 3.54 (3.7) 3.61 (3.7) 0.76 (0.8) 54.9 (56.9)
2011 −117.6 43.7 (37.2) 1.17 (1.0) 4.30 (3.7) 2.58 (2.2) 0.33 (0.3) 43.4 (36.9)
2012 −115.1 55.4 (48.1) 1.47 (1.3) 4.27 (3.7) 1.48 (1.3) 0.56 (0.7) 55.2 (48.0)
Table 5.MeanPPFD (μmol m−2 s−1), ±SD, during June–August 2008–2012.
2008 2009 2010 2011 2012
June 513± 456 470± 432 362± 345 430± 420 446± 414
July 409 ± 405 434± 420 288± 322 375± 383 309± 347
August 316 ± 360 286± 333 288± 332 291± 342 238± 284
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Sphagnum mosses and lichens dry out and may even
be damaged by long-term desiccation (Schipperges
and Rydin 1998). This ﬁnding, that lowered GPP
explains a majority of the reduction in CO2 uptake
during dry conditions, is in line with previous studies
(Shurpali et al 1995, Arneth et al 2002, Laﬂeur
et al 2003, Sottocornola and Kiely 2010, Lund
et al 2012). Earlier studies have indeed shown that dry
soil conditions may not result in large changes in Reco
(Laﬂeur et al 2003, Parmentier et al 2009), which may
be related to the recalcitrant litter in nutrient-poor
peatlands (Aerts et al 1999) and also that autotrophic
respiration generally dominates the Reco signal (Kur-
batova et al 2009, St-Hilaire et al 2010).
It is interesting to note that the warm and dry years
from a meteorological perspective (2008, 2009, 2011),
compared with long-term mean, had lower NEE and
higher GPP (ﬁgure 5) and were stronger annual CO2
sinks (table 4), compared with 2010 when both Ta and
precipitation were close to normal. This effect was
observed despite higher VPD in July that lead to
weaker NEE on a half-hourly basis (table 5), which
suggests that drier conditions did not have persistent
effects on the CO2 exchange dynamics on longer time
scales (seasonal–annual). It can be argued that the
maritime conditions at the site reduced the frequency,
duration and intensity of dry conditions (i.e. high
VPD), and that other environmental characteristics
were more important for the inter-annual variation in
CO2 exchange. Low Ts in early growing season of 2010
Figure 7. Light response curves (equation (1)) based on
measurements during July 2008–2012 fromAndøya.
Table 6.Meanmeasuredﬂuxes ofNEE (PPFD>1000 μmol m−2 s−1), ±stan-
dard error of themean, andTs andmodelledﬂuxes ofReco,2 andGPP2 during
July 2008–2012, arranged into 0.1 kPaVPD (vapour pressure deﬁcit) bins.
VPDbin 0.2–0.3 0.3–0.4 0.4–0.5 p
2008
n 46 47 30
NEE −3.54 ± 0.09 −3.26 ± 0.07 −3.38 ± 0.08 0.041
Ts 10.31 11.52 11.57 <0.001
Reco,2 1.19 1.40 1.41 n/a
GPP2 −4.73 −4.66 −4.79 n/a
2009
n 48 49 14
NEE −4.95 ± 0.12 −4.58 ± 0.09 −3.92 ± 0.23 <0.001
Ts 10.20 10.32 12.04 <0.001
Reco,2 1.08 1.09 1.30 n/a
GPP2 −6.03 −5.67 −5.22 n/a
2010
n 18 25 13
NEE −3.70 ± 0.20 −2.99 ± 0.15 −2.98 ± 0.23 0.012
Ts 11.43 11.02 11.30 0.343
Reco,2 0.91 0.87 0.90 n/a
GPP2 −4.61 −3.86 −3.88 n/a
2011
n 67 42 8
NEE −4.20 ± 0.10 −4.06 ± 0.15 −3.22 ± 0.24 0.013
Ts 11.85 11.38 12.32 0.032
Reco,2 0.88 0.84 0.93 n/a
GPP2 −5.08 −4.90 −4.15 n/a
2012
n 23 27 2
NEE −4.37 ± 0.17 −4.70 ± 0.12 n/a 0.183
Ts 10.73 10.28 n/a 0.063
Reco,2 0.93 0.88 n/a n/a
GPP2 −5.30 −5.58 n/a n/a
Note: n values indicate number of observations within each bin (bins with less
than eight observations were excluded from the analysis). p values denote the
probability that all values are drawn frompopulationswith samemean.
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as well as low PPFD levels during June–July (table 5)
likely resulted in low biomass build-up compared with
other years, which can be illustrated by the low CO2
uptake capacity at high PPFD levels in 2010 (ﬁgure 7).
The reducedCO2 uptake capacity in combinationwith
low levels of incoming light during summer (table 5)
likely explains lowerﬂuxes in 2010.
Based on mean summer-time ﬂuxes and annual
budgets, there was no apparent long-lasting effect of
dry conditions on the CO2 exchange, indicating an
inherent resistance of the Andøya peatland to dry con-
ditions. However, for extended drought periods,
increased heterotrophic respiration may become
increasingly important for the Reco signal (Ise
et al 2008). As the summer months during our study
period were not signiﬁcantly warmer than the long-
term average, although slightly drier, we may not yet
have captured an extreme drought event in our mea-
surement record. Ground surface wetness has been
found to have a signiﬁcant inﬂuence on NEE inter-
annual variation in Glencar (Sottocornola and
Kiely 2010, McVeigh et al 2014), with highest sum-
mer-time CO2 uptake observed for years with inter-
mediate (not too cold, not too dry) rather than
extreme meteorological conditions (Sottocornola and
Kiely 2010).
As stated previously by several authors (e.g. Lim-
pens et al 2008, Laﬂeur 2009, Lund et al 2012), the
effect of a changing climate on peatland C exchange is
dependent on site speciﬁc characteristics, most impor-
tantly hydrological settings and vegetation composi-
tion. As such, it is not feasible to draw general
conclusions valid for all types of peatlands. However,
since a positive water balance is a prerequisite for blan-
ket bogs, future higher temperature must be followed
by an increase in precipitation to maintain the water
balance for such peatland types. If not, it is likely that
vegetation change will occur in blanket bogs (Gallego-
Figure 8. Scatter plots ofTs (5 cm) versusmeasured nighttime (PPFD<20 μmol m
−2 s−1)NEE.
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Sala and Prentice 2012), with uncertain consequences
for theC budget.
5. Conclusions
We have used 4.5 years of EC measurements from the
Andøya blanket bog in Norway to describe the multi-
year CO2 exchange and assess the impacts of dry
conditions. Ourmain conclusions include;
• The bog acted as a small sink for atmospheric CO2
(−19.5 ± 18.3 g Cm−2); however, uncertainties
regarding self-heating correction of the open path
analyzer were large.
• On a half-hourly scale, we observed reduced CO2
uptake (i.e. higher NEE) during periods with high
VPD,mainly caused by a decrease inGPP.
• On longer time scales, seasonal to annual, no
persistent effects of dry conditions on the CO2
exchange were observed. Instead, other variables
such as growing season onset and amount of
incoming light were important regulators for the
between-year variation.
Acknowledgments
Research at Andøya peatland was made possible
through generous grants from the Research Council of
Norway, Stiftelsen Fondet for Jord- ogMyrundersøkel-
ser, Bioforsk Strategic Research Funds, Norwegian
Institute for Nature Research, Norwegian Institute for
Air Research and FRAM—High North Centre for
Climate and the Environment Tromsø. Instrumenta-
tion at the site as well as installation support was
supplied by the Smithsonian Environmental Research
Center. Logistic and technical support from theAndøya
Rocket Range is gratefully acknowledged.
References
Aerts R, Verhoeven J TA andWhighamDF1999 Plant-mediated
controls on nutrient cycling in temperate fens and bogs
Ecology 80 2170–81
ArnethA, Kurbatova J, Kolle O, ShibistovaO, Lloyd J,
VygodskayaN and Schulze E-D 2002Comparative ecosys-
tem–atmosphere exchange of energy andmass in a European
Russian and a central Siberian bog II. Interseasonal and
interannual variability of CO2ﬂuxesTellusB 54 514–30
AubinetM et al 2000 Estimates of the annual net carbon andwater
exchange of forests: the EUROFLUXmethodologyAdv. Ecol.
Res. 30 113–75
AurelaM, Laurila T andTuovinen J-P 2002Annual CO2 balance of a
subarctic fen in northern Europe: importance of thewinter-
time efﬂux J. Geophys. Res. 107 4607
AurelaM, Laurila T andTuovinen J-P 2004The timing of snowmelt
controls the annual CO2 balance in a subarctic fenGeophys.
Res. Lett. 31 L16119
Beverland I J,Moncrieff J B,ÓNéill DH,Hargreaves K J andMilne R
1996Measurement ofmethane and carbon dioxide ﬂuxes
frompeatland ecosystems by the conditional-sampling
techniqueQ. J. R.Mereorol. Soc. 122 819–38
BurbaGG,McDermitt DK,Grelle A, AndersonD J andXu L 2008
Addressing the inﬂuence of instrument surface heat exchange
on themeasurements of CO2ﬂux fromopen-path gas
analyzersGlob. Change Biol. 14 1854–76
Buys E 1992Miremorphology, vegetation and hydrochemistry of
the Andmyranmire reserveTromuraNaturvitenskap 70
1–164
CharmanD2002Peatlands and Environmental Change (Chichester,
UK:Wiley)
Christensen TR, Jackowicz-KorczynskiM, AurelaM,Crill P,
HeliaszM,MastepanovMand Friborg T 2012Monitoring
themulti-year carbon balance of a subarctic palsamire with
micrometeorological techniquesAmbio 41 207–17
Dorrepaal E, Toet S, van LR SP, Swart E, van deWMJ,
CallaghanTV andAerts R 2009Carbon respiration from
subsurface peat accelerated by climate warming in the
subarcticNature 460 616–9
Elbers J A, Jacobs CM J, Kruijt B, JansWWPandMoors E J 2011
Assessing the uncertainty of estimated annual totals of net
ecosystemproductivity: a practical approach applied to amid
latitude temperate pine forestAgric. ForestMeteorol. 151
1823–30
Ellis C J andTallis JH 2000Climatic control of blanketmire
development at KentraMoss, north-west Scotland J. Ecol. 88
869–89
Falge E et al 2001Gap ﬁlling strategies for defensible annual sums of
net ecosystem exchangeAgric. ForestMeteorol. 107 43–69
Gallego-Sala AV and Prentice I C 2012 Blanket peat biome
endangered by climate changeNat. Clim. Change 3 152–5
GorhamE1991Northern peatlands: role in the carbon cycle and
probable responses to climatic warmingEcol. Appl. 1 182–95
Højstrup J 1993A statistical data screening procedureMeas. Sci.
Technol. 4 153–7
Humphreys ER,CharronC, BrownMand Jones R 2014TwoBogs
in theCanadianHudsonBay Lowlands and a Temperate Bog
Reveal Similar AnnualNet EcosystemExchange of CO2Arct.
Antarct. Alpine Res. 46 103–13
Humphreys ER andLaﬂeur PM2011Does earlier snowmelt lead to
greater CO2 sequestration in two lowArctic tundra ecosys-
tems?Geophys. Res. Lett. 38 L09703
Ise T, DunnAL,Wofsy SC andMoorcroft P R 2008High sensitivity
of peat decomposition to climate change throughwater-table
feedbackNat. Geosci. 1 763–6
KljunN,Calanca P, RotachMWand SchmidHP 2004A simple
parameterisation forﬂux footprint predictionsBound.—
LayerMeteorol. 112 503–23
Koehler A-K, SottocornolaM andKielyG 2011How strong is the
current carbon sequestration of anAtlantic blanket bog?Glob.
Change Biol. 17 309–19
Kurbatova J, Li C, Tatarinov F, Varlagin A, ShalukhinaN and
OlchevA 2009Modeling of the carbon dioxideﬂuxes in
EuropeanRussia peat bogs Environ. Res. Lett. 4 045022
KwonH-J,OechelWC, Zulueta RC andHastings S J 2006 Effects of
climate variability on carbon sequestration among adjacent
wet sedge tundra andmoist tussock tundra ecosystems
J. Geophys. Res. 111G03014
Laﬂeur PM2009Connecting atmosphere andwetland: trace gas
exchangeGeogr. Compass 3 560–85
Laﬂeur PMandHumphreys ER 2007 Springwarming and carbon
dioxide exchange over lowArctic tundra in central Canada
Glob. Change Biol. 14 740–56
Laﬂeur PM, RouletNT, Bubier J L, Frolking S andMoore TR 2003
Interannual variability in the peatland–atmosphere carbon
dioxide exchange at an ombrotrophic bogGlob. Biogeochem.
Cycles 17 1036–49
LarsenK S, IbromA, Jonasson S,MichelsenA andBeier C 2007
Signiﬁcance of cold-season respiration and photosynthesis in
a subarctic heath ecosystem inNorthern SwedenGlob.
Change Biol. 13 1498–508
Limpens J, Berendse F, BlodauC,Canadell J G, FreemanC,
Holden J, RouletN, RydinH and Schaepman-StrubG2008
Peatlands and the carbon cycle: from local processes to global
implications—a synthesisBiogeosciences 5 1475–91
12
Environ. Res. Lett. 10 (2015) 025004 MLund et al
Lindroth A et al 2007 Environmental controls on the CO2 exchange
in north EuropeanmiresTellusB 59 812–25
LundM,Christensen TR, Lindroth A and Schubert P 2012 Effects of
drought conditions on the carbon dioxide dynamics in a
temperate peatlandEnviron. Res. Lett. 7 045704
LundM et al 2010Variability in exchange of CO2 across 12 northern
peatland and tundra sitesGlob. Change Biol. 16 2436–48
MarushchakME,Kiepe I, Biasi C, ElsakovV, Friborg T,
JohanssonT, SoegaardH,Virtanen T andMartikainen P J
2013Carbon dioxide balance of a subarctic tundra fromplot
to regional scalesBiogeosciences 10 437–52
MbufongHN et al 2014Assessing the spatial variability in peak
seasonCO2 exchange characteristics across the Arctic tundra
using a light response curve parameterization Biogeosciences
11 4897–912
McVeigh P, SottocornolaM, FoleyN, Leahy P andKielyG 2014
Meteorological and functional response partitioning to
explain interannual variability of CO2 exchange at an Irish
Atlantic blanket bogAgric. ForestMeteorol. 194 8–19
MoenA 1999National Atlas of Norway: Vegetation (Hønefoss,
Norway:NorwegianMappingAuthority)
MooreC J 1986 Frequency response corrections for eddy correlation
systemsBound.—LayerMeteorol. 37 17–35
NilssonM, Sagerfors J, Buffam I, LaudonH, Eriksson T,Grelle A,
Klemedtsson L,Weslien P and Lindroth A 2008Contempor-
ary carbon accumulation in a boreal oligotrophicminero-
genicmire—a signiﬁcant sink after accounting for all C-
ﬂuxesGlob. Change Biol. 14 2317–32
Parmentier F JW, van derMolenMK, de JeuRAM,
HendriksDMDandDolmanA J 2009CO2ﬂuxes and
evaporation on a peatland in theNetherlands appear not
affected bywater table ﬂuctuationsAgric. ForestMeteorol. 149
1201–8
Parmentier F JW, van derMolenMK, vanHuissteden J,
Karsanaev S A, Kononov AV, SuzdalovDA,
MaximovTC andDolmanA J 2011 Longer growing seasons
do not increase net carbon uptake in the northeastern
Siberian tundra J. Geophys. Res. 116G04013
PeichlM,ÖquistM,Ottosson LöfveniusM, IlstedU, Sagerfors J,
Grelle A, LindrothA andNilssonMB2014A 12-year record
reveals pre-growing season temperature andwater table level
threshold effects on the net carbon dioxide exchange in a
boreal fenEnviron. Res. Lett. 9 055006
ReichsteinM et al 2005On the separation of net ecosystem exchange
into assimilation and ecosystem respiration: review and
improved algorithmGlob. Change Biol. 11 1424–39
RouletNT, Laﬂeur PM, Richard P JH,Moore TR,
Humphreys ER andBubier J 2007Contemporary carbon
balance and lateHolocene carbon accumulation in a northern
peatlandGlob. Change Biol. 13 397–411
Sagerfors J, Lindroth A, Grelle A, Klemedtsson L,Weslien P and
NilssonM2008Annual CO2 exchange between a nutrient-
poor,minerotrophic, borealmire and the atmosphere
J. Geophys. Res. 113G01001
Schipperges B andRydinH 1998Response of photosynthesis of
Sphagnum species from contrastingmicrohabitats to tissue
water content and repeated desiccationNewPhytol. 140
677–84
Shurpali N J, Verma SB, Kim J andArkebauer T J 1995Carbon
dioxide exchange in a peatland ecosystem J. Geophys. Res. 100
14319–26
SottocornolaM andKiely G 2005AnAtlantic blanket bog is a
modest CO2 sinkGeophys. Res. Lett. 32 L23804
SottocornolaM andKiely G 2010Hydro-meteorological controls
on theCO2 exchange variation in an Irish blanket bogAgric.
ForestMeteorol. 150 287–97
SottocornolaM, Laine A, Kiely G, Byrne KA and Tuittila E-S 2009
Vegetation and environmental variation in an Atlantic
blanket bog in South-Western Ireland Plant Ecol. 203
69–81
St-Hilaire F,Wu J, Roulet NT, Frolking S, Laﬂeur PM,
Humphreys ER andArora V 2010McGill wetlandmodel:
evaluation of a peatland carbon simulator developed for
global assessmentsBiogeosciences 7 3517–30
SulmanBN,Desai AR, SaliendraNZ, Laﬂeur PM, Flanagan LB,
SonnentagO,MackayD S, Barr AG and van der KampG
2010CO2ﬂuxes at northern fens and bogs have opposite
responses to inter-annual ﬂuctuations inwater tableGeophys.
Res. Lett. 37 L19702
van derMolenMK et al 2011Drought and ecosystem carbon cycling
Agric. ForestMeteorol. 151 765–73
VorrenK-D, BlaauwM,Wastegård S, van der Plicht J and JensenC
2007High-resolution stratigraphy of the northernmost
concentric raised bog in Europe: Sellevollmyra, Andøya,
northernNorwayBoreas 36 253–77
WebbEK, PearmanG I and Leuning R 1980Correction ofﬂux
measurements for density effects due to heat andwater vapor
transferQ. J. R.Meteorol. Soc. 106 85–100
Westergaard-Nielsen A, LundM,Hansen BUandTamstorfMP
2013Camera derived vegetation greenness index as proxy for
gross primary production in a lowArctic wetland area ISPRS
J. Photogramm. Remote Sens. 86 90–9
13
Environ. Res. Lett. 10 (2015) 025004 MLund et al
